Abstract: The cost of private or recreational¯ying is high for most conventional aircraft types. During the last 25 years, however, an alternative has become available in the form of the microlight aircraft. It has a relatively low cost of ownership and has opened up¯ying to a greater audience.
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INTRODUCTION
Since their appearance in the late 1970s, weightshiftcontrolled microlight aircraft [1] have enjoyed a remarkable growth to become a large part of recreational aviation [2] . This has in part been due to their low cost and in part due to an excellent safety record [3] , consistently below 30 fatal accidents per million¯ying hours.
References [4] to [12] report a number of accidents to weightshift-controlled microlight aircraft. With a few exceptions on speci®c points, these reports show a number of common factors:
1. A departure from controlled¯ight either following gross mishandling,¯ight to the stall or during¯ight in potentially highly turbulent conditions. 2. In most cases, the aircraft was being¯own at a comparatively low weight. 3. Damage to the aircraft is consistent with very large negative g overload of the wing (usually failure of the top wires and also failure downwards of the wingtips).
Evidence suggests that the wing is being forced by the total pitching moment to a very high nose-up attitude relative to the trike (impact of the basebar with the front strut will then follow, usually resulting in a failure of one of these two components, causing the propeller subsequently to impact the keel tube).
Where pilots have survived the departure it is normal for them to have reported that the basebar was snatched from their hands' with a rate and force beyond their ability to hold it. (Note that the term trike' describes all of the aircraft that is not the wing or the hangbolt. The wing and trike are hinged in pitch and roll at the hangpoint, of which the hangbolt is the central component, whose removal allows the two to be separated for derigging.)
4. Autorotation of the aircraft in nose-down pitch, at a rapid rate (in excess of 3608/s), followed by 5. Break-up of the aircraft in¯ight, preventing it from sustaining¯ight and usually resulting in a fatality.
There has been one previous attempt to analyse the tumble, in that case for hang-gliders, described in reference [13] . This paper does not contradict those ®ndings, but does progress the analysis further than the previous work, brie¯y introducing aeroelastic and transient aerodynamic effects and analysing induced camber effects [14] .
The British Microlight Aircraft Association (BMAA), in cooperation with the UK Air Accidents Investigation Branch, the UK Microlight manufacturing industry and Aerospace Engineering at the University of Southampton, has been following a programme of investigation into these similar accidents since 1997. Conclusions have been drawn concerning, ®rstly, the tumble mechanism and, secondly, several mechanisms by which an aircraft can enter the tumble.
THE MECHANISM OF THE ESTABLISHED TUMBLE
The tumble behaviour of a two-piece airframe like a weightshift microlight contains what initially appears to be a paradox. The tumble rotation is known to be nose down while the basebar is known to be on the front strut, a control position associated with a nose-up pitching motion in normal¯ight. There must therefore be some mechanism that sustains these apparently contradictory conditions. Figure 2 shows the situation with the microlight in normal attitude and when the wing is positioned fully nose-up relative to the pilot. The centre of gravity (CG) of the complete aircraft is also shown.
The tumble will therefore be a rotation about a lateral axis acting through a point on the aircraft close to the CG, and the incident air¯ow over the wing will be as shown in Fig. 3a (A) . This type of air¯ow is experienced with a pitching wing in normal¯ight, which gives rise to unsteady aerodynamic phenomena. In particular, the air¯ow over the leading and trailing edges of the wing are appropriate to the incident¯ow over a sharply cambered wing, as shown in Fig. 3a (B) . This effect is known as induced camber. Figure 3b shows a photograph of an actual wingtip. As the aircraft tumbles nose-down, the inertial effects upon the wingtip trailing edge components will tend to force them in a direction from the upper to the lower surface. These trailing edge components are unlike those at the leading edge as they are not constrained by a spar (although Fig. 3b shows the`tipstick' extending from the leading edge, which is intended to limit this movement). Tipsticks, also known as minimum washout rods, are cantilever rods protruding perpendicularly to the leading edge of the wing beneath (or occasionally within) the sail. These prevent the washout at the tips reducing below a preset value (usually about 38) at low or negative angles of attack.
As a consequence of the nose-down rotation of the aircraft, the inertial loading will tend to deform the trailing edge structure towards the lower surface and therefore produce a localized positive camber. This will generate an additional lift in the trailing edge region which will, in turn, increase the nose-down pitching moment. This is illustrated in Fig. 4 ; it is also worthy of note that the wreckage of most aircraft that have suffered a tumble-related structural failure have shown failure of the wingtips, in the sense of the tip bending towards its lower surface.
There is therefore a situation where a wing±trike combination is locked into a con®guration with the wing fully nose-up. Commencement of the tumble rotation causes the trailing edge panels to de¯ect downwards, forming some additional localized trailing edge camber through aeroelastic effects. This camber will generate aerodynamic forces, which, in turn, increase the nosedown moment. This moment, when considered with the microlight's CG location, causes the wing to rotate while translating. The wing sees the air¯ow as an effective camber, which therefore generate a downward lift force. Figure 4 shows the combination of these aerodynamic effects, which explains the phenomenon and the apparent paradox.
The comments about unsteady aerodynamic effects are based on existing knowledge [15] of such phenomena. However, under normal circumstances (conventional level forward¯ight) a wing will sense these effects as a small vertical wind perturbation superimposed on essentially forward incident air¯ow. With the microlight wing in a tumble a situation exists where the wing will translate and rotate but with both motions of equivalent magnitude. The aerodynamics of such a wing motion is most unusual and will require detailed tests to be undertaken to establish the¯ow patterns and hence an accurate prediction of the aerodynamic forces. With these data a scienti®c analysis of the tumble instability can be achieved. It is intended to build a wind tunnel test model of a microlight wing and to use state-of-the-art laser-based¯ow-measuring techniques in order to determine the wing¯ow in a tumble.
As a ®nal comment, the equations of motion for the tumbling aircraft are not dif®cult to derive. The problem occurs when the motion is obtained by solving these equations. With the additional dif®culty of the very unusual aerodynamic situation of the wing the solution will almost certainly require a numerical process to be used. 
ESTIMATION OF THE MAGNITUDE OF INDUCED CAMBER DURING THE TUMBLE
In order to assess the degree of induced camber a short analysis is presented. A wing section is ®xed to an axis rotating about a point which is descending vertically. With reference to Fig. 5 , an element of the wing is considered, which is distance y towards the leading edge from a reference point at which a radial line (length x) from the CG of the aircraft meets the wing chord line at 908. This element is rotating about the CG at a rate o and at any given moment the line between the CG is perpendicular to the wing chord; the entire system direction of movement is cˆot. The rate of vertical, translational movement is V. The motion of this element may therefore be expressed by the various components of translation and rotation as indicated in Fig. 6 . Using From these results, the following expression may be written for the local AoA:
This can be expressed in terms of time as
From equation (2) a typical incident¯ow angle variation across the wing chord for the data in Table 1 is given in Table 2 . This may be illustrated graphically, as shown in Fig. 8 . Thus a signi®cant induced camber effect may be seen throughout the sustained tumble.
The 75 per cent chord result is highlighted in Fig. 8 as it is a pertinent result. Analysis of a pitching and plunging aerofoil using thin aerofoil theory [14] results in a lift force acting at the 25 per cent chord based on an incidence determined by conditions at the 75 per cent chord. In addition, a pitching moment is generated in opposition to the pitching rate and thus acts as a viscous aerodynamic damper. Figure 8 shows that for approximately three-quarters of the rotation cycle the rotation imparts a negative incidence, giving a negative lift. This negative lift force sustains the nose-down tumbling motion of the aircraft. Variation of the 75 per cent incidence shows that the pitching moment is not constant and a`pulsing type' of rotation rate would be appropriate. (Observation of the tumbling incident described in the Appendix con®rms this behaviour.) The aerodynamic damping will tend to limit the tumbling rate of the aircraft.
LONGITUDINAL STATIC STABILITY OF A WEIGHTSHIFT MICROLIGHT, A MODEL DEVELOPED WITH THE INTENTION OF UNDERSTANDING THE MECHANISM OF TUMBLE INITIATION
A weightshift-controlled microlight aeroplane is believed to have two separate and distinct longitudinal stability modes: that of the wing and that of the trike. In normal¯ight, when the basebar is positioned between the pilot and front strut, but touching neither, these are separate. When pitching moments are taken about the hangpoint, the aerodynamic pitching moment of the wing is balanced by the wing's own weight. Similarly, the pitching moments of the trike about the hangpoint (due to weight, drag and thrust) must sum to zero. Note that this model, which is only established for the purpose of analysing the tumble, disregards forces applied by the pilot to the basebar. This is justi®ed because in normal (including climbing or descending) ¯ight pilot input to the bar will be negligible and whatever air speed the aircraft`wishes' to adopt will normally be accepted by the pilot. Hence in most modes of¯ight, although the pilot will be holding the bar, little or no longitudinal force will be applied. It is believed, mostly from the evidence of accident investigations, that the tumble occurs when some combination of conditions causes the basebar to be pushed against the front strut (this would cause the control input used by a pilot to apply the maximum nose-up pitching moment) while the sum of pitching moments upon the aircraft are strongly nose-down. Wing aerodynamic data are available from tests using the British Hang-Gliding and Paragliding Association (BHPA) test facility at Rufforth, Yorkshire (see Fig. 9 ). However, a theoretical model is required for the whole aircraft, which predicts the pitching moment C M as a function of aircraft attitude. It should then be possible to combine the data for both the wing and trike in order to indicate at what combination of conditions the aircraft may continue to rotate nose-down, initiating the tumble. This may then be used to determine whether an aircraft design offers any signi®cant risk of tumble entry, given knowledge of the wing's aerodynamic characteristics, and the desired or existing¯ight and manoeuvre envelope.
Consider the following model of a weightshift microlight in side view (see Fig. 10 ), disregarding for the time being the aerodynamic pitching moment of the wing. All pitching moments will be taken about the hangpoint. This model is shown in Fig. 11 and makes use of the following de®nitions and assumptions.
De®nitions
1. W T is the weight of the trike. As shown in Fig. 12, it acts through the trike CG, which is located Z CGT below the hangpoint (in a direction parallel to the monopole) and X CGT forward of the monopole axis (in a direction perpendicular to the monopole). The weight acts at an angle f g relative to the monopole axis; f gˆ0 when the monopole is perpendicular to the surface of the earth, increasing with the aircraft's nose-up attitude. 2. D T is the drag due to the trike. It acts through the monopole at a point Z DT below the hangpoint and at an angle y relative to a perpendicular to the monopole such that if yˆ0 the monopole is perpendicular to the relative air¯ow and if y is positive the monopole is more nose-up. 3. T is the thrust due to the engine. It acts through the monopole at a point Z T below the hangpoint and at an angle y T relative to a perpendicular to the monopole such that if y Tˆ0 the thrustline is perpendicular to the monopole and if y T is positive the thrustline becomes more nose-up. 4. W W is the weight of the wing. It acts through the wing CG which is on the wing keel a distance L CGW behind the hangpoint. The wing itself is at an angle f W nose-up compared to a perpendicular to the monopole. The weight acts at an angle f g relative to the monopole axis; f gˆ0 when the monopole is perpendicular to the surface of the earth, becoming more positive with the aircraft's attitude increasing nose-up. 5. L is the lift due to the wing. It acts through the hangpoint at an angle perpendicular to the wing and is positive when acting towards the upper surface of the wing. 6. D W is the drag due to the wing. It acts through the hangpoint in a direction parallel to the wing keel and is positive when acting towards the trailing edge.
Assumptions
1. The aircraft is in an unaccelerated state. 2. Trike drag acts in the wind axis. 3. Wing lift and drag act at the hangpoint. 4. The pilot has lost control of the wing and therefore provides no input. The moments in pitch about the hangbolt acting on the whole aircraft are as follows (except for the wing aerodynamic pitching moments):
1. The moment due to the wing aerodynamic pitching moment is disregarded in this analysis, for reasons explained above. 2. The moment due to the effect of wing lift is taken to be zero, since lift is considered to act through the hangpoint. 3. The moment due to the effect of wing drag is taken to be zero, since wing drag is considered to act through the hangpoint. 4. The moment due to the effect of wing weight is
The moment due to the drag of the trike is
6. The moment due to thrust is
The moment due to the weight of the trike (see Fig. 12 ) is
Summing these components, the total pitching moment acting upon the aircraft is given by
However, since it is dif®cult to predict the value of . 10 ) Fig. 12 Coordinates of the trike CG relative to the hangpoint thrust during a departure from controlled¯ight, and also the effect of thrust is to pitch the aircraft nose-up, when considering the risk of a nose-down departure, zero thrust will be regarded as the worst case. Therefore, it is conservative and appropriate to disregard it from the above formula, which is simpli®ed further to
This formula may then be used to estimate the total pitching moment on the trike. The input variables required to determine M TOTAL are as follows: 
For the purposes of modelling, it is appropriate to examine a wider range of values of f g than might be experienced within the normal envelope, so values of ¡ 105¯< f g < 75¯will be considered (equating to attitudes between vertically upwards and vertically downwards, as seen by the pilot). The signi®cant case is the one where the pilot would not be able to prevent a nose-down departure. Assuming then a full nose-up pitch inceptor input, it can be further assumed that f Wˆ4 0¯. 4. y, the trike angle of attack, is relevant insofar as the drag due to the trike acts in a nose-down direction. Therefore it will be considered to be 08, again since this is the worst case for a nose-down pitching departure.
In such a case, a polar is required:
However, for the purposes of considering the trike alone, the ®rst term of this equation is omitted. Figure 13 shows the value of M TOTAL as a function of f g for a Mainair Gemini trike (omitting the W W term) for both its maximum and minimum permitted loadings. V is assumed to be 43 knots, since this is a typical cruising air speed, and also the speed around which the best quality wing aerodynamic test data are available. This may be compared to the graph in Fig. 14 for a correctly adjusted Mainair Flash 2 alpha wing, which might typically be ®tted to this trike.
If the wing is pushed through the stalling angle of attack to about 258 AoA, then the aerodynamic pitching moment will be about 600 N m nose-up, as seen in Fig. 14. However, if the wing is considered, this pitching moment is reached at about 208 nose-up, regardless of weight (which equates approximately to 358 nose-up as seen by the pilot). If the aircraft was stalled at a greater nose-up pitch attitude of, for example, 308 nose-up (458 as seen by the pilot) then while the wing pitching moment will remain at about 600 N m the trike, depending upon weight, will have a pitching moment of 1000±1500 N m nose-down. This will, once the basebar has been touched by the front strut (creating a rigid system), force the whole aircraft, in a rigid state, nose-down, rotating about the whole aircraft CG, which will, due to the relative masses, be close to the trike CG. The effect of this, as previously discussed, is to induce an apparent reverse camber at the wing (see Fig. 15 ). This induced reverse camber is likely to cause a reversal in pitch stability and thus a tendency to further pitch down. A negative lift force will also`lock' the trike to the aircraft, maintaining the rigid system.
The BMAA, in association with the UK Civil Aviation Authority and the UK microlight manufacturing industry, is currently studying the approach detailed above with the intent of developing pass/fail criteria for new or suspect aircraft designs. Once tested in sample certi®cation programmes, it is intended that this will ultimately be incorporated into the safety requirements for this class of aircraft [16] .
AVOIDING THE TUMBLE
The analysis above indicates that a tumble can potentially occur if the aircraft enters a¯ight condition where the nose-down pitching moment due to the weight of the trike is greater than that of the pitching moment of the wing, locking the trike to the wing and thereby forcing the entire aircraft to pitch nose-down as a rigid body. This may be entered with the aid of engine thrust, creating this situation when thrust is lost either deliberately (through throttle closure) or inadvertently (through engine failure).
Using the simple model of the trike longitudinal stability given above, added to the aerodynamic characteristics of the trike, it becomes possible to predict the conditions at which the tumble might occur. It should be borne in mind that the tumble might not necessarily occur, since the rate of pitching must be suf®cient to cause the inverse camber on the wing that is associated with the sustained tumble.
From this analysis, the tumble appears to be a function of both the wing and trike characteristics. A trike with high weight or a long monopole will have a greater pitching moment at a steep nose-up attitude, and therefore a greater tendency to tumble.
THE EFFECT OF WEIGHT ON THE TUMBLE
It is known from the history of tumble accidents that the more highly loaded the trike is the less the aircraft will tend to tumble. At ®rst sight of the graph in Fig. 13 , this does not make sense. However, once the nose-down pitch departure occurs, a more lightly loaded trike will result in a higher CG and thus a greater angle of in¯ow into the wing. Therefore, for a lower trike mass, the induced camber at the wing will be greater since the point of rotation will be closer to the wing. Also at a lower trike mass, the rotational inertia in pitch will be less.
For example, a microlight aircraft wing mass of 50 kg, a trike mass of 150 kg and a distance between these CGs of 1.5 m gives a total rotational inertia of 87.5 kg m 2 . The wing is 1 m from the aircraft CG. With a trike mass of 300 kg, the rotational inertia is 96.5 kg m 2 and the wing is 1.3 m from the aircraft CG. Thus, with the same pitching moment applied, and disregarding aerodynamic damping (at present, data is not of suf®cient quality), the effect of a net nose-down pitching moment of 500 N m can be ascertained by the simple analysis given in Table 3 .
It is thus demonstrated that a reduced trike weight will result in a signi®cantly greater induced camber following an aircraft stall at a high nose-up attitude. Therefore, the risk of the sustained tumble occurring following a nose-up stall is considerably greater.
EFFECT OF WING SETTINGS
Experience has also shown that a mis-rigged wing, particularly one in which the luf¯ine tension is insuf®cient, will display a greater tendency to tumble. Figure 16 shows four curves for the Mainair Flash 2 alpha wing (see Fig. 14) already discussed, for a variety of conditions. These plots vary in three ways, none of which impact signi®cantly upon the discussion above.
The wings with insuf®cient luf¯ine tension display ā at curve (indicating very low apparent longitudinal static stability) around the trim. Without either tipsticks or correct luf¯ine tension, the wing displays a pitch stability minimum about zero AoA. It is believed, from previous work by Kilkenny [17] on hang-glider stability and from discussions with microlight wing designers, that this is related to the luf®ng dive (a mode of¯ight where unsatisfactory longitudinal stability characteristics cause a constant speed or accelerating descent which is usually unrecoverable) and not to the tumble.
While all wings display an apparent tendency towards a nose-down pitching moment at very low angles of attack (well below anything likely to be experienced within the permitted manoeuvre envelope), this occurs at a higher angle of attack for a wing without tipsticks and with incorrect luf¯ine tension. (Note that the lack of data at lower angles of attack than those shown in Fig. 16 is due to a physical limitation of the BHPA test rig. The only other known facility in the world (located in Germany) is of similar design and thus at present there is no means of ®nding out exactly what happens at these angles of attack.)
It is proposed that this last characteristic is signi®cant to tumble initiation. While it is, with the current state of knowledge, only possible to conjecture as to exactly what happens to the forces and moments acting upon the wing during the initial pitch-down of tumble initiation, it is a reasonable assumption that the misrigged wing shown by curve (4) in Fig. 16 will show a greater tendency to pitch-down as the reduction in AoA occurs than the correctly rigged wing (irrespective of any induced reverse camber). In surveying these plots, it appears that the correct luf¯ine tension is important in preventing the tumble, but the presence of tipsticks provides a valuable backupÐif luf¯ine tension ceases to be correct. In this situation, the tipsticks appear likely to maintain a large margin between the normal cruise condition and the normal¯ying range of positive angles of attack. Figure 16 gives reasonable grounds to believe that pitch stability reversal will occur at angles of attack above ¡ 20¯, which the previous analysis indicates might potentially occur with suf®cient mishandling in a lightweight aircraft.
INITIATION OF THE TUMBLE
The description of the tumble initiation above shows that for the tumble to occur, the aircraft must be steeply nose-up with a low throttle setting or failed engine. There are several ways in which this might occur, which are discussed below:-
Cause 1: the`whip-stall'
The whip-stall is caused by an aggressive entry (at a high deceleration rate, well in excess of the 1 kn/s normally recommended) to the aerodynamic stall, followed by an equally aggressive recovery initiation by the pilot (pulling in the control bar rapidly). This is a manoeuvre which may be used by test pilots (with great care) to allow them to demonstrate V N E or V DF in this class of aircraft [18] , which are otherwise control limited and unable to demonstrate high-speed¯ight for certi®cation purposes. However, there is absolutely no need for a private pilot to ever carry out this manoeuvre in normal ight; the whip-stall is speci®cally prohibited by all Microlight manufacturers and by the UK pilot training syllabus [19] . It is considered likely (and several eyewitness reports of fatal accidents bear this outÐ most recently the October 2000 fatality to a Pegasus Quantum) that this mechanism can lead to the tumble. The sequence of actions in the whip stall is detailed below:
1. The pilot places the aircraft in a climbing attitude and pushes the control bar out rapidly to achieve a high deceleration rate. At the steepest possible noseup attitude, the throttle is closed. 2. The air speed decreases rapidly, with unsteady aerodynamic characteristics delaying the onset of aerodynamic stall until a lower air speed is achieved than would normally be experienced. 3. At the point of stall, the wing's aerodynamic pitching moment becomes strongly nose-down. Due to the low air speed, this is likely to be less than if the stalling angle of attack is reached in a less dynamic manoeuvre. 4. The trike pitches down and pushes against the wing (with the front strut against the basebar), creating a rigid system upon which a net nose-down pitching moment is acting.
Cause 2: combined spiral instability combined with a loss of horizon
Weightshift microlight aircraft are approved in all countries of which the authors have knowledge, but only for¯ight in visual meteorological conditions (VMC). This implies a guaranteed visual horizon which the pilot may use as a reference when correcting small rolling departures (such as may be caused by temporary inattention or by turbulence). However, it is possible through ill-luck or poor judgement for an aircraft to enter instrument meteorological conditions (IMC), where a de®ned horizon cannot be guaranteed (such as in cloud). If this happens, any pilot will attempt to remove themselves and their aircraft from this as quickly as possible; however, if the pilot is unable to extract the aircraft from this situation it is almost inevitable that some cause (most likely the turbulence commonly found inside or near to most clouds) will initiate an undemanded rolling manoeuvre. Unlike most conventional aeroplanes, most weightshift microlight aircraft are spirally unstable; thus, an initial small bank angle is likely to increase without (unless a horizon reference is available) the pilot's knowledge or ability to control it. The aircraft would then enter a slow roll, potentially through 908 of bank to a condition where the pendulum stability that keeps the trike below the wing ceases to actÐinevitably causing some loss of control. It is then possible that the aircraft will ®nd itself in an unsustainably steep nose-up attitude. It is noticeable that some tumble accident reports, particularly those relating to the G-MVEP, have occurred in conditions where the horizon was known to be poor and where the subsequent damage to the aircraft showed that the basebar had fractured (in contact with the front strut) at the end, rather than in the centre as would be implied by a symmetric manoeuvre. This implies a rolling component to the departure from controlled¯ight, which would be consistent with this mechanism. Table 4 shows the results of a brief test carried out to demonstrate the spiral instability of a weightshift microlight aircraft. A Raven-X weightshift microlight, own solo, was trimmed in moderately turbulent air conditions and the controls released. The resultant bank angle was estimated based upon a visual horizon, and the time to reach these given bank angles was measured. This demonstrates that following¯ight into IMC such a departure could readily happen within 60 s (obviously, the presence of spiral instability will vary between aircraft types and different power settings). The test aircraft is illustrated in Fig. 17 .
In the case of the G-MVEP, referred to above, it would be a reasonable deduction that having lost the visual horizon the pilot (who was still under training) might have rolled beyond permissible limits in under 60 s.
Cause 3: failed loop manoeuvre
While weightshift microlight aircraft are neither approved, nor should be, for aerobatics, it is occasionally known for a pilot to attempt aerobatic manoeuvres. There are several reported instances of pilots attempting to conduct a loop in such an aircraft. If positive normal acceleration is maintained throughout this manoeuvre it can be executed as safely as in any other aircraft. However, as with any other aircraft, if the aircraft runs out of energy near to the top of the loop, then the pilot ®nds himself inverted without suf®cient air speed to complete the manoeuvre. In this case, the inevitable consequence will be a negative angle of attack, leading to a tumble. The Appendix shows a sequence of frames from a ®lm taken of a French Cosmos aircraft. The aircraft was¯ying an air display sequence that included a loop, which failed. The result was a tumble resulting in the aircraft's destruction and death of the pilot on collision with the ground.
Cause 4:¯ight through own wake vortex
It is well known that a minimum safe separation should be ensured between landing aircraft, particularly larger aircraft, which tend to generate very large vortex wakes that can normally be expected to remain for up to 80 s [20, 21] in normal conditions, rather longer in very still air. The weightshift microlight, using as it does a delta wing, tends to generate a particularly large wake vortex for the size of the aircraft and is capable of generating a considerable upset [22] . For this reason, pilots of Considering a typical turning manoeuvre at 45 kn CAS, 608 bank, 2000 ft, it can be shown that the turn rate will be 408/s. Hence, if the pilot were to¯y a continuous tight balanced turn, the aircraft's own wake vortex would be met in less than 9 sÐscarcely time for the vortex to have signi®cantly dispersed in even moderately disturbed air¯ow air. It is known that aircraft¯ying through the wake vortex of another can suffer a large-magnitude undemanded roll. It is therefore reasonable to assume that the same mechanism as was described above for a loss of visual horizon may also occur, although it is likely that the onset will be more rapid.
The fatal accident to G-MVJU in 1992 was considered by the Air Accident Investigation Branch (AAIB) report to have been a tumble and in-¯ight break-up following a pilot¯ying what was observed from the ground to have been extremely tight turns of 3608 or more.
CONCLUSIONS
This paper has explained that the tumble mode in a weightshift-controlled microlight is sustained by induced¯ow as an aircraft rotates in pitch about its CG. It has demonstrated that the mode may be initiated by a loss of power in a steeply nose-up pitch attitude, causing the rotation of the trike about the hangpoint to push the wing nose-down, via contact of the front strut and basebar. Using this model, a simple method is shown whereby the conditions of tumble entry can be predicted.
Four possible methods of entry have been explained, through a whip-stall, rolling departure, a failed aerobatic manoeuvre or¯ight through the aircraft's own wake vortex. All of these occasions are shown to be avoidable through good judgement on the part of the pilot.
The tumble is a potential`killer' mode in this class of aircraft, as has been demonstrated by history. However, it is shown that, through education and the use of the approach developed in this paper, tumble entry conditions can be predicted and the manoeuvres likely to cause a departure from controlled¯ight avoided. 
